The extent to which orography may be a product of climate-erosion interactions is largely unknown. One grand challenge is to quantify the precipitation regimes of mountainous regions at the spatial and temporal scales relevant for investigating the interplay of erosion and tectonics in active orogens. In this paper, our objective is to synthesize recent research integrating numerical model simulations, satellite data, and surface observations in the Himalaya to elucidate the role of weather and climate in mountain evolution. We focus on the seasonal and interannual space-time variability of precipitation in the Great Himalayas by studying two preeminent storm regimes in detail-monsoon onsets and depressions in general, and wintertime Western Disturbances (cold season events). High-resolution simulations of heavy precipitation storms for two monsoon onset conditions (1999 and 2001) and one wintertime storm (2000) are used to illustrate the complex patterns of interaction between the mountains and the atmosphere, and to show how these affect the spatial distribution of precipitation. Along with observations from an existing ground-based network, these simulations provide unique insights into the space-time features of seasonal and interannual variability of precipitation. Our analysis indicates that the trajectory of monsoon storms during onset events exerts a strong control on the precipitation amounts and rainfall penetration into the rain shadow. Spatial variability of subsequent storm tracks in any given year helps explain the interannual variability of monsoon pre--north-south oriented ridges, forced lifting of moist air enhances precipitation on the † Email: barros@duke.edu.
INTRODUCTION
Mountain belts evolve as the product of tectonics interacting with erosion and weathering processes, which are determined by regional hydrology and hydrometeorology, especially the precipitation regime in the case of humid climates. At steady state, removal of landmass by erosion is compensated by isostatic compensation and tectonically driven rock uplift. In turn, mountains strongly affect climate at regional and even global scale by functioning as obstacles to atmospheric circulation, as elevated heat sources via the production of latent heating of orographic precipitation upwind, and by changing the nature of water and energy exchanges between continental surfaces and the atmosphere via either increased snow cover, elevated plateaus, or the establishment of rain shadow deserts. As the topography rises, precipitation changes (increases upwind, decreases downwind), and, at spatial scales 100 km, so does erosion (forming deep valleys with elevated peaks upwind [the Himalayan range], allowing elevated plateaus to form downwind [the Tibetan Plateau] ). At the scale of millions of years, spatial and temporal changes in the climate regime, changes in spatial and temporal characteristics of erosion processes, and isostatic rebound and rock uplift interact to determine the evolution and form of mountains (Pinter and Brandon, 1997; Molnar et al., 1993) .
One question of interest is whether the critical erosion precipitation events, or whether they can be interpreted in terms of "uniform" along-range average erosion rates over long periods of time (Montgomery and Brandon, 2002) . In this paper, we discuss evidence suggesting that the former can be a fundamental erosion mode in the Himalayas, which would explain why small-scale erosion studies that fail to capture the relevant spatial variability of climate forcing might not elucidate the role of erosion in mountain evolution (Burbank et al., 2003) . This erosional response, we argue, is related to the regional climate and how the mountain range interacts with the atmospheric circulation.
Elsewhere (e.g., the Washington Cascades), average long-term coupling of erosion and climate may be dominant (Reiners et al., 2003) . Nevertheless, Hodges et al. (2004) pointed out the close spatial correlation between evidence for active faulting and the maxima of annual precipitation in the Annapurna Range in the central Himalayas. Such a spatial association indicates possible coupling between erosion and deformation around the center of mass of orographic precipitation at geological time scales. Ice-core records (oxygen isotope ratios and chemical composition) have been increasingly used to characterize the low-frequency variability of precipitation in the Himalayas, and by extension, the South Asian Monsoon (Thompson et al., 2000; Zhao and Moore, 2002; Duan and Yao, 2003) . The working hypothesis is that precipitation varies linearly with elevation (either positively or negatively) and that all or the overwhelming majority of the precipitation at glacier locations takes place during the monsoon. We propose in this study that, whereas such data may describe the low-frequency variability of the monsoon at multidecadal to centennial temporal scales, the information content of the records must be deconvolved into high-(seasonal to interannual) and low-frequency modes of variability before attempting a processwe show that in the hydrometeorological rain shadow of the central Himalayas (the region of elevated peaks and valleys where most glaciers are located, which lies northward of the precipitation maximum), the contribution of monsoon precipitation to annual accumulation decreases very rapidly with altitude, while the contribution of relatively infrequent wintertime snowstorms increases and dominates spatial and interannual variability. Furthermore, we show that the monsoon contribution to precipitation totals in the hydrometeorological rain shadow is controlled by the strength and path of monsoon depressions originating in the Bay of Bengal, and by monsoon onsets in particular, thus exhibiting high interannual variability, not only in magnitude, but also in spatial distribution. In this context, key issues for the interpretation of centennial-scale climate variations from glacier records become (1) the number and timing of storms that contribute to -arity and dominant time scales of climate behavior.
These characteristics are important not only from the perspective of elucidating current climate variability, but also for testing the interpretations of climate-tectonics interactions that often rely on average annual precipitation to describe climate controls on landform evolution. A key implication of this study is that, in the range of seasonal to interannual time scales, the atmo--otic pulse-like events (monsoon depressions, wintertime storms) with high space-time variability, and therefore is fundamentally non-stationary. Such behavior redirects attention to seasonal and interannual variability of storm frequency and intensity and to how these affect the temporal and spatial variability of precipitation as related to climate controls of erosion in the Himalayas.
In this manuscript, we document the spatial features of three storms, including two distinct monsoon onsets (1999 and 2001) and one typical wintertime storm. For this purpose, we rely on numerical simulations using a regional model at very high spatial resolution (1.86 km, unprecedented in this region of the world), -ros et al., 2004). The modeling results are presented in the context of extensive data analysis and synthesis from previous diagnostics studies (Barros et al., 2000 Barros, 2002, 2004; Barros and Lang, 2003a; Magagi and Barros, 2004) . First, monsoon weather, and to establish the observational evidence of seasonal and interannual climate variability in the Himalayas.
lations are used to illustrate the role of orography in organizing clouds and rainfall on the Himalayan range under different largescale environmental conditions. We conclude by discussing the processes in the Himalayas.
MONSOON WEATHER IN THE HIMALAYAS
Every summer in South Asia, the thermal contrast between the slowly warming ocean and the rapidly warming land acceler--high-altitude mass of the Tibetan Plateau greatly strengthens this land-sea contrast regionally, and serves to enhance the intensity of the monsoon. In the Indian subcontinent, the onset of the Southwest (SW) monsoon takes place after a region of strong becomes well developed (e.g., Krishnamurti et al., 1981; Tang and Reiter, 1984, among others) . An elongated area of low pressure, the monsoon trough, becomes established roughly parallel to the Himalayan range, and subsequent monsoon activity is associated with the development of low-pressure systems (mesoscale vortices) along the monsoon trough. Monsoon activity along the south-facing slopes of the Himalayas is associated with the development and westward propagation of monsoon depressions originating from the Bay of Bengal (Das, 1987; Lang and Barros, 2002) . Ultimately, the path of Bay of Bengal depressions is determined by the position of the monsoon trough, the Coriolis of the monsoon systems, and their interactions with the land surface as they travel over northern India.
A comprehensive compilation and analysis of observations from a dense hydrometeorological network operating since 1999 in the Marsyandi River basin in central Nepal (Barros et al., 2000; Fig. 1A) revealed the complexity of the relationship between elevation and precipitation in the central Himalayas , including (1) weak altitudinal gradients of annual rainfall between 1000 and 4500 m; (2) strong ridge-to-ridge zonal (east-west) gradients of monsoon rainfall (1500 mm/5 km); (3) strong ridge-valley gradients during rain storms, especially in the case of deep valleys (elevation differences > 1000 m) and steep hillslopes (70%); and (4) strong altitudinal gradients in rainfall intensity and duration (convective versus stratiform), with longer (shorter) durations and lower (higher) intensities at higher (lower) elevations along the ridges. High elevations (>3000 m above sea level [asl] ) can receive up to 40% of their annual precipitation as snowfall during the winter, with the highest-altitude stations (~4000 m asl and above) accumulating the most total winter precipitation (Lang and Barros, 2004; Barros et al., 2004) . A comprehensive summary of the observations is presented in Figure 1B . Note that there is a rapid decrease of precipitation amount in the region of the hydrometeorological shadow, and that the spatial gradient associated with this decrease is much stronger for rainfall than for snowfall. Observed cumulative rainfall reaches minimum values well upwind of the topographic divide, thus raising questions with regard to the relative contribution of monsoon vis-à-vis wintertime precipitation to modern glaciers.
At the scale of the Himalayan range, the spatial and temporal variability of precipitation was investigated using NASA-TRMM (National Aeronautics and Space Administration Tropical Rainfall Measurement Mission) and Meteosat-5 (a geostationary satellite maintained by the European Meteorological Satellites Organization, EUMETSAT) analysis data products (Barros et al., 2000 . Scaling analysis of collocated orography and cloudat different spatial scales: a synoptic-scale control (~300 km) associated with the overall terrain envelope and the major river valleys that cut through the mountains connecting the Indian subcontinent and the Tibetan Plateau; and a mesoscale control characterized by high interannual and spatial variability linked to the topology of the succession of multiscale ridges and valleys along the southern slopes of the Himalaya (5 100 km). Depending on the actual complexity of the terrain, the variance of cloudiness altitudinal range .
The synoptic and mesoscale dynamics of monsoon and historical radiosonde records, ECMWF (European Center for Medium-Range Weather Forecasts), and NCEP (National Centers for Environmental Prediction) reanalysis products and highresolution numerical models Barros, 2002, 2004; Lang, 2003a) . Through these studies, three preeminent seasonal and interannual variability of precipitation: (1) monsoon onset depressions Lang, 2003a); (2) mesoscale convection organized by orography (Barros and Lang, 2003a; Barros et al., 2004) ; and (3) wintertime storms associated with a low-pressure center over the Hindu Kush mountains, the so-called Western Disturbances (Lang and Barros, 2004) . We focus on 1 and 3, respectively. Monsoon onset depressions are hereafter referred to as "onset events," and wintertime storms are hereafter referred to as "snow storms" or "cold-season events." The development of convective activity aligned with topographic features is characterized by a strong diurnal cycle, and is particularly strong during the active phases of the monsoon, including onset events (Barros and Lang, 2003a; Barros et al., 2004) . Monsoon onsets consist of heavy, multiday rain events, which are precursors to the subsequent arrival of daily to neardaily rainfall for the rest of the summer season. The onset takes place when strong mesoscale depressions originating from the -cal shear forced by the mountains, establishing an asymmetric secondary circulation with strong near-surface upslope (south- Barros, 2002; Barros and Lang, 2003a) . Interactions with local topography serve to organize convective activity along the foothills of the Himalayas. At the northerly stations (e.g., 5, 14, and 15 in Fig. 1A ), total rainfall during onset events can amount up to 30% of the overall monsoon total Barros, 2002, 2004) . A climatological analysis of the track of these storms (Fig. 2) shows that they vary widely from year to year (Das, 1987; Lang and Barros, 2002) . The southward shift in the year 2000 monsoon track (Fig. 2) caused the 2000 onset rainfall to be up to the 50% less than in 1999. The onset precipitation was even less in 2001, as the onset depression remained south of the range.
As described by Barros and Lang (2003a) , monsoon depressions tend to form along the monsoon trough over the Bay of westerly jet over the Indian subcontinent. When the depressions follow a trajectory farther away from the Himalayas (as in 2000, Fig. 2 ), the interactions with the easterly vertical shear along the Himalayas are weakened, thereby decreasing convergence and keeping the depressions away from the Himalayan range and favoring disorganized convection over northern India.
Satellite imagery (Fig. 3 during three monsoon onsets (1999, 2000, and 2001 ). The clionly rainfall amounts, but also the spatial variability of precipitation, especially the extent to which rain bands associated with these depressions penetrate northward beyond the leading mountain peaks. Because similar, though generally weaker, depressions occur during the active phases of the monsoon from June to September, this analysis has implications not only for monsoon onsets, but also for the spatial distribution of rainfall over the course of the entire monsoon season. Lang and Barros (2004) focused their attention on cold-sea--ated with terrain-locked low-pressure systems that form when an upper-level disturbance passes over the topographic notch ( 
MODELING STUDIES
Observational data currently available, either ground-based or from satellites, do not provide a multiscale perspective of space-time variability of precipitation on the Himalayan range. Hydrometeorological networks such as the Marsyandi (Fig. 1A ) can provide detailed information over the small area covered by the network only. As an indirect measure of precipitation, satellite data present substantial retrieval challenges in regions of --pounded with inadequate sampling frequency in either space or time (or both) (Barros et al., 2000; Magagi and Barros, 2004) . Model simulations such as those described here allow us to monitor in detail the three-dimensional spatial and temporal evolution Based on analysis and interpretation of observational records (satellite, radiosonde, and rain gauge data), we concluded that onset events provide clear insights on the long-term hydroclimatology of summer monsoon precipitation in the Himalayas. Therefore, we focus on modeling two onset events that are representa- 
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Kali Gandaki River tive of end members of monsoonal precipitation patterns (1999 and 2001) . Furthermore, our research suggests that the character of the ensuing monsoon season correlates with certain characteristics of the monsoon onset event ): a mon--nized convection (e.g., 1999 and 2000) foretells normal or above to 30% of monsoon total rainfall) into the hydrometeorological shadow in the high Himalayas; whereas a monsoon onset with a weak vortex and widespread disorganized convective activity especially at high elevations (e.g., 2001 ). Similarly, we present a snowstorm in February 2000 (Lang and Barros, 2004) . For each case, a description of the synoptic environment of each storm is The analysis of model results will focus on central Nepal (i.e., the network area) where the hydrometeorological network and the glaciers of interest are located.
Description of the Model and Experiment Design
We use a three-dimensional, anelastic, and non-hydrostatic high-resolution model originally introduced by Clark (1979) and Clark and Hall (1991, 1996) in our modeling experiments. Since its original implementation, the model has undergone substantial improvements, and has been particularly successful in studies of small-scale and mesoscale weather phenomena in regions of complex topography, including the Rocky Mountains, the Sierra Madre, and the Himalayas (Clark, 1979; Reinking et al., 2000; Barros and Lang, 2003b; Lang and Barros, 2004, among others) . The model was implemented here using three nested grids. The outer, large-scale domain (22.22 km horizontal resolution) encompassed an area of 2700 × 2700 km, including large portions of the Tibetan Plateau and the Indian subcontinent. The innermost domain (1.86 km horizontal resolution) covered an area of 200 × 200 km, centered on the region where the hydrometeorological network and glaciers are located. The topography used by the model was derived from the Defense Mapping Agency (DMA), United States elevation data, which is available for Atmospheric Research. Figure 4A displays the topography of the outermost domain with the outline of each of the two inner domains. The model topography for domain 3 (i.e., the inner grid) is representative of the complex local topographic features, with several mountain peaks of the Himalayas higher than 6000 m (Fig. 4B ). Time-dependent boundary conditions for model simulations were derived from the European Center for MediumRange Weather Forecasts (ECMWF) analysis data sets.
In the simulations presented here, the outermost vertical grid increment, z, varied smoothly from 50 m at the surface to 200 m at z = 425 m above ground level and increased more gradually to 407 m at 4.15 km above ground level using the stretched warm rain bulk microphysics parameterization, which predicts the mixing ratios of cloud water (q c ) and rain water (q r ), was used to characterize microphysics. Although this parameterization is lacking in detail necessary to simulate accurate quantitative estimates of precipitation (e.g., ice microphysics are not included), it is adequate to investigate the spatial and temporal evolution of precipitating clouds. Long-wave radiative cooling was described via a combination of the parameterizations of Stephens (1984) and Sasamori (1972) . For more information on the implementation of these parameterizations in the model, the reader is referred to . Finally, the version of the model used here does not include land-atmosphere interactions and thus cannot simulate the combined effect of orographically induced ascent and gravity wave dynamics on the stability of the boundary layer, or moisture recycling between the land surface and the lower atmosphere as inferred from analysis of MOHPREX (Monsoon Himalaya Precipitation Experiment) data (Barros and Lang, 2003a) .
Overview of Synoptic Conditions
Monsoon Onset
The 1999 monsoon onset in central Nepal was characterized by a low-pressure system (i.e., monsoon depression) that developed in the Bay of Bengal. By 00 UTC on 11 June 1999, this monsoon depression was located near 22.0N, 88.0E, and the low center was ~996 hPa (not shown). Based on 850 hPa winds (~1.5 km in the lower troposphere) from ECMWF objective analysis of model and observations, the evolution of the monsoon depression is depicted in Figure 5 as it moved northwestward toward the central Himalayas at 12 UTC on 11 June (Fig. 5A) , 00 UTC on 12 June (Fig. 5B) , 12 UTC on 12 June (Fig. 5C ), and 00 UTC on 13 June 1999 (Fig. 5D ). Note the -1 ) impinging on central Nepal. Inspection of the vertical structure of horizontal winds, -extended up to the 500 hPa level (5-6 km in the lower troposphere, Fig. 6 the hydrometeorological network area as well as to the glaciers -the Himalayan range, consistent with ground observations and IR (infrared) satellite imagery . Moreover, moisture convergence was enhanced orographically as the incoming air mass reached the mountain slopes (Lang and Barros, 2002; Barros and Lang, 2003a) resulting in the development of a shield-like pattern of mesoscale precipitation with embedded convection, as captured by the TRMM-PR (Tropical Rainfall Measuring Mission-Precipitation Radar) on 12 June 1999 (Fig. 7) . The TRMM-PR did not detect precipitation in the northern (rain shadow) area of modern glaciers, and it underestimated rainfall amounts in the network area (Barros et al., 2000) . Such systematic underestimation of precipitation at high elevations and in regions of complex terrain in general is a wellScience Team Working Group Summaries, 2003, available at http://trmm.gsfc.nasa.gov).
The monsoon depression developed in the Bay of Bengal in 12 June 2001 and moved westward toward the Indian subcontinent. The low-pressure center was ~996 hPa before landfall was a southeasterly wind, which brought moist air into the Indian Figure  1A . The average location of modern glaciers (triangles) and maximal terminal positions of Late Quaternary glaciers (diamonds) permit assessment of the extent of the remotely sensed precipitation with respect to the glaciers.
subcontinent. On 13 June 2001, the 850 hPa (~1.5 km) height and wind analysis at 00 UTC indicated that the monsoon depression made landfall along the northeast coast of India (Fig. 8A ).
clearly showed that the monsoon depression was embedded in periphery of the high-pressure system over the Tibetan Plateau (Fig. 8B) . The 500 hPa (~5-6 km) vertical motion and relative the western periphery of the monsoon depression (not shown). Subsequently, the monsoon depression moved northwestward away from the central Himalayas.
Although the track of the monsoon depression stayed away observed at the surface network (Barros and Lang, 2003a) . The TRMM precipitation radar was able to capture the convection along the periphery of the monsoon depression. TRMM-mea-12 June (top panel, Fig. 9 ) indicates the presence of a strong convective cell near the hydrometeorological network area. By 1200 LST 14 June (Fig. 9 , bottom panel), convective activity weakened as the monsoon depression moved further inland, moisture convergence was virtually shut off, and the boundary layer along the Himalayan range became more stable. Once again, negligible precipitation was detected by TRMM at high elevations in the glacier region, as noted previously.
Winter Storm
On 11 February 2000 a snowstorm developed in the Himalayan range, and was detected by ground observations in central Nepal (Lang and Barros, 2004) . The 850 hPa height and wind Fig.  10A ) show a shallow depression that developed over the western Himalayas when a westerly trough passed over the region between the Himalayas and the Hindu Kush in the northwestern corner of the Indian subcontinent (Fig. 10A) . Twelve hours later (Fig. 10B) , this system, which drew moisture from the Araperiod, a strong south-southeasterly low-level jet accompanied the eastward-moving deep trough. Orographic lifting led to the precipitation processes over the mountains. At the ground stations in central Nepal, the snow records indicate snow depth accumulations from 5.5 to 22.2 cm (snow density ~0.5; Lang and Barros, 2004) . During the life cycle of the system, strong upward motion was observed over the western Himalayas and the Hindu Kush mountains in the ECMWF analysis data set, while strong westerlies over the Indian subcontinent encroached against the Himalayas. The TRMM satellite did not have an overpass concurrently with this event.
Results of Numerical Experiments
Monsoon Onset
A 36 h simulation was run from 00 UTC 12 June to 12 UTC 13 June 1999 for the 1999 monsoon onset event. Time-dependent initial and lateral boundary conditions from ECMWF were imposed at 6 h intervals. Figures 11A and 11B show the simulation results 1.5 km above the ground surface for the outer domain 
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reduced. Symbols are as in Figure 7 . model captured correctly the position of the core of the monsoon depression, placed over central Nepal at ~26°N (compare Fig. 3 with Fig. 11A ). An impinging wind on the order of 20 m s -1 was simulated at that time. The track and the circulation of the monsoon depression are quite well reproduced as it moved northwestward along the Himalayas (Fig. 11B) Himalayas . Long-term indirect evidence of -ated precipitation is also patent in oxygen isotope (e.g.,
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O mw ) Gandaki River valley (Garzione et al., 2000) .
Let us now focus on the simulated mesoscale cloud features during the northwestward movement of the monsoon depression. The simulation (Fig. 12) clearly depicts the distribution of maximum cloud liquid water in the vertical air column for the innermost domain ( x = 1.86 km) at 12 UTC 12 June (left panel), and 00 UTC 13 June 1999 (right panel). Both windward and lee side of individual mountain peaks received a considerable amount of moisture when the monsoon depression reached the central Himalayas. Note how the organization of clouds of topography. In particular, the highest liquid water content occurs along the major river valleys and along the windward To gain further insight into the interactions between monsoon depression and orography, we now analyze the distribution of vertical velocity, cloud liquid water, and equivalent potential temperature in the innermost domain along the cross section traversing the Himalaya (section A-A*, Fig. 4B ). Orographic forcing leads to the spatial organization of strong and deep updrafts in the foothills of the Himalayan range accompanied by the propagation of orographic gravity waves with updrafts concentrated on upwind slopes (S and SE facing slopes), while downdrafts dominate on top and on the lee side (N and NW facing slopes) of individual terrain peaks at 12 UTC 12 June (Fig.  13C ). This topographically driven organization leads to the formation of cells of high cloud water content, which extends northward into normally dry regions like the Tibetan Plateau at ~12 UTC 12 June (Fig. 13A) . Twelve hours later, by 00 UTC 13 June (Fig. 13B) , vertical motion weakened on the upwind slopes as the depression moved away toward the west, cutting the distribution of cloud water at 00 UTC 13 June.
These results illustrate the role of monsoon depressions as a mechanism for transferring moisture (and latent heat energy) from the Bay of Bengal to the Himalayas and into Tibet. The effectiveness of this transport is controlled by the depression path, and by the number (frequency) of depressions that originate from the Bay of Bengal during the summer monsoon. Over long time scales, and even for different global climate regimes (Bradley, 1991; Kutzbach et al., 1993; Clemens et al., 1991 ; among others), we propose that the path and number of monsoon depressions that reach the mountain range and penetrate beyond the upwind crest can be used as predictive measures of monsoon intensity. Such events determine precipitation accumulation in existing glaciers (Harper and Humphrey, 2003) , the formation of new glaciers, as well as altitudinal-dependent erosion patterns and mechanisms (landslides, river incision rates),
al., 2004).
Monsoon Onset
The simulation of the 2001 monsoon onset began at 00 km above the ground surface at 00 UTC 13 June and 00 UTC 14 June are shown in Figures 14A and 14B , respectively. The coast of India on 00 UTC 13 June (Fig. 14A) , a result consistent with the ECMWF analysis (Fig. 8A) . By 00 UTC 14 June 2001 (Fig. 14B) , the cyclonic circulation remained stationary (Fig.  8B) . Overall, the model is able to predict well the location of the monsoon depression over northeast India. The left and right panels in Figure 15 show the maximum cloud water at 00 UTC 13 and 00 UTC 14 Wind speed (m/s) motion and cloud liquid water (Fig. 16) show that the moisture that in 1999. As a consequence, precipitation is very light over the Himalayan range in general, and on the upwind slopes in particular. The one-to-one correspondence between the magnitude and spatial distribution of the updrafts and the spatial arrangement of successive valleys and ridges shows the importance of orographic gravity waves in organizing local circulations despite weak synoptic forcing. As the monsoon depression moved westward during 14 June 2001, the cloud liquid water reduced dramatically everywhere (Fig. 15, right panel) . During that time, a band-like feature of high cloud water content (~2.0 g kg -1 ) is simulated over the upper Marsyandi Valley, as a result strong vertical motion is simulated at high elevations around 00 UTC 14 June 2001, while it is very weak along the front range. Consequently, cloud water content is very low everywhere due to In summary, the numerical simulations predict that orographically organized convection (Fig. 13C) is a persistent feature of weather in the Great Himalayas, as previously inferred from the analysis of satellite imagery over a wide range of scales -cipitation only occurs when strong and sustained moisture transport into the region is established by environmental conditions associated with strong monsoon depressions (and onsets in particular) on a collision path with the orographic barrier. Moreover, deep penetration of monsoon moisture into the rain shadow north of the high Himalayan summits is predicted to occur only when the monsoon depression impinges directly on the range front, and moisture convergence is channelized along the major river valleys. Therefore, the summertime mass input to the glaciers of the Himalayas and southern Tibet is conditioned on the occurrence of such discrete events.
Winter Storm
The simulation started at 00 UTC 11 February and ran for 36 surface for a portion of the outer model domain at 06 UTC 11 February 2000 (Fig. 17A ) and 00 UTC 12 February 2000 (Fig.  17B) show the evolution of a southwesterly low-level jet impinging on the central Himalayas at 10-15 ms The spatial distribution of maximum cloud water in the innermost model domain is shown in Figure 18 . By 06 UTC 11 February (Fig. 18, left panel) , scattered clouds are present over the network area, especially over the Annapurnas, with a long linear cloud feature on the windward side, a feature consistent with forced orographic lifting along the Lesser Himalayas in the absence of environmental instability (i.e., no embedded convection). Subsequently, clouds developed around isolated mountain peaks (Fig. 18, right panel) as the trough moved eastward. Note that, in contrast to the monsoon onset events (Figs. 12 and 15) , cloud formation along the Marsyandi Valley during the passage of the winter trough is negligible (Fig. 18) . Instead, moisture is focused on the surrounding ridges as a result of sustained strong strong downdrafts in the valley by 00 UTC 12 February. Cross sections of simulated vertical velocity and cloud water content along the cross-section A-A* (Fig. 4B ) are presented in Figure 19 . Again, as in the case of monsoon depressions, these results suggest that vertical motion is strongly tied to orographic features, consistent with the generation of orographic gravity waves from the interaction between the impinging air mass and the Himalayan range on 06 UTC 11 February (Fig. 19A ) and 00 UTC 12 February 2000 (Fig. 19B) , respectively. Note the persistent cloud features in the Lesser Himalayas (Fig. 19) , where linear zones of concentrated moisture are predicted (Fig. 18) . The vertical cross section of cloud liquid water distribution reveals shallow clouds on 11 and 12 February 2000 (Figs. 19A and 19B) , -ery (see Lang and Barros, 2004, for details) . Consequently, precipitation amounts produced by this cold season storm are substantially lower than those attained during the 1999 onset events, though higher than during the 2001 onset. The average number of wintertime storms is on the order of a handful per year, and their especially at high elevations (as much as 100 cm for elevations above 3500 m in the Marsyandi network; Fig. 1B ).
OVERVIEW AND DISCUSSION
We have characterized the complexity and space-time intermittency of precipitation in the central Himalayas via a combina- (Figs. 12 and 15) , much precipitation is focused on ridges, rather than along river valleys tion of ground observations, satellite imagery, and model simulations of dominant weather systems for current climate conditions. The role of orographic land-atmosphere interactions in the spafundamental modes of spatial variability: a synoptic-scale mode linked to global climate controls; a synoptic-scale mode linked to regional climate controls related to monsoon intensity and land- . In this work, we show how independent model simulations of representative weather events (monsoon depression and wintertime storms) appear to effectively capture the synoptic and mesoscale modes of variability. a unique pattern of gravity waves, with vertical motion forming band-like structures oriented roughly parallel to the dominant topographic ridges, which force the waves. Environmental conditions favor the formation of vertically deep waves, with phase lines that tilt into the wind, leading to the simulated phase difference between topography and vertical motion consistent with as lower cloud tops often are associated with ridges, and higher cloud tops over the intervening slopes. Cloud liquid water content (and by inference rainfall) is maximized where updrafts and the potential temperature gradient are stronger. The simulated spatial patterns of rainfall are consistent with observations from both monsoon onsets, which suggests that that orographic lifting is the key rainfall process (Lang and Barros, 2002) . Depending on the synoptic conditions, the gravity wave cells of vertical motion would be expected to modulate the intensity of any incoming convective activity, as well as to prompt the localized release of low-level convective instability in the regions of forced ascent (Barros and Lang, 2003a) . This is consistent with the results from Reinking et al. (2000) , who showed that orographically produced gravity waves can have important effects on rainfall.
Although a much longer numerical integration is required to fully elucidate the effects of radiative processes and terrainatmosphere interactions over longer time scales, these model simulations of principal weather systems imply a strong association between rainfall and spatial wind patterns modulated by orography. This association is supported by the analysis of satellite imagery of clouds. Thus, we should expect relative distributions of rainfall on the southern slopes to remain constant from year to year (although absolute amounts will be subject to the interannual variability of the Asian monsoon itself). This inference is further supported by the observations of Lang and Barros (2002) , Barros and Lang (2003a) , and Barros et al. (2004) , who found that relative rainfall distributions remained stable in 1999, 2000, and 2001 in the Marsyandi network. On the northern slopes and in the hydrometeorological rain shadow (Fig.  1B) , the temporal scales at which spatial patterns of cumulative precipitation remain stable are at least on the order of decades, consistent with multidecadal variability of the monsoon. Overall, analysis and integration of ground observations, satellite imagery, and model simulations of dominant weather systems for current climate conditions emphasize the need to describe and interpret climate records accounting for chaotic and stochastic variability over a wide range of temporal and spatial scales (frequency, intensity, path distributions of monsoon depressions, and spatial distribution of associated rainfall).
--ogy, suggesting an interesting long-term feedback between the terrain and atmosphere. For example, persistently greater intenet al., 1999), and hillslope angles (Gabet et al., 2004) . Furthermore, indirect evidence of spatial consistency between active deformation and heavy rainfall patterns in the Himalayas suggests that this feedback may impact the spatial organization of tectonic activity (Hodges et al., 2004) .
Despite recent progress in characterizing the spatial variability of precipitation in major mountain ranges like the Himalayas, the detailed structure of that variability and the fundamental spatial and temporal modes of climate change have remained be a product of climate-erosion interactions is unknown (Burbank et al., 2003; Reiners et al., 2003; Wobus et al., 2003) . Many landscape models either assume a uniform distribution of precipitation (Willett, 1999; Ellis et al., 1999) , gradients in precipitation as a function of horizontal distance (Beaumont et al., 2000; Jamieson et al., 2002) , or step-wise changes between domains of uniform precipitation (Willett, 1999; Ellis et al., 1999) . Some conceptual models assume a homogeneous variation of annual precipitation with elevation, consistent with uniform orographic enhancement of rainfall across a mountain range (Roe et al., 2003) . Both our observations and modeling in the Himalaya show strong spatial variability in precipitation at the scale of individual ridges and valleys that serve as obstacles to incoming storms. Our work suggests that annual precipitation averages might be considered appropriate approximations of climate gradients only for mountain ranges oriented perpendicular to the major storm tracks, because moisture is advected directly toward the range crest (i.e., north-south orientation such as occurs for the Rocky Mountains with respect to the prevailing westerlies). Furthermore, the representation of orographic enhancement of rainfall in terms of a linear dependence with elevation neglects the contribution of orography to organize and enhance convective activity, which is responsible for the diurnal cycle of rainfall in mountainous regions, and for spatially persistent heavy precipitation in particular (e.g., the so-called "cloud bursts" in the Himalayas; Barros et al., 2004) . Montgomery and Brandon (2002) suggested that frequency in landsliding plays a major role in controlling landscape-scale erosion in tectonically active mountain ranges. Because landsliding activity can be often linked to heavy precipitation (Gabet et al., 2005) , the frequency and spatial pattern of orographic convective precipitation must not be ignored.
Simulations using global climate models, with and without the Himalayas and Tibetan Plateau, indicate that the mountains (e.g., Zhisheng et al., 2001; Kitoh, 2001; Abe et al., 2003) . However, they do show that the presence of the mountains contributes to lengthening the duration of the monsoon; for simulations using different average terrain elevations, more elevated mountain ranges are correlated with earlier monsoon onsets and more intense monsoons (Hahn and Manabe, 1975; Kutzbach et al., 1993; Zhisheng et al., 2001 ; and many others). We propose that, whereas global climate controls (solar insolation, land-mass distribution, ice-sheet distribution) effectively determine glacial and interglacial oscillations, the characteristics of interannual variability of precipitation for modern climate conditions are -trols under climate regimes associated with strong monsoon activity (interglacial periods). Under weak monsoon regimes, the effective height of the mountains as an elevated heat source is depressed and constrained to lower elevations in the tropo--face temperatures and a decrease in land-ocean temperature contrast should lead to a decrease in atmospheric moisture transport during the monsoon, decrease in the moisture-holding capacity of the atmosphere, decrease of the overall accumulation of precipitation, increase in the relative fraction of solid precipitation at lower elevations, and possibly reduced interannual variability in the tropics. This would imply a glacial-age southward shift of the hydrometeorological crest and shortening of the penetration distance of incoming moisture into the hydrometeorological rain shadow. This scenario is consistent with the greater snowline lowering observed for glaciers south of the range crest (Burbank et al., 2003) , although the sensitivity of the high-elevation glaciers to seasonal and subseasonal variability of precipitation might remain similar to that for modern climate.
Nevertheless, independently of the monsoon regime, local precipitation amounts and spatial gradients of precipitation should be anchored by their contemporaneous topography. The outstanding questions of how this two-way feedback between mountains and the atmosphere impacts erosion processes, and how erosion and tectonics interact over millions of years to produce modern topography (and hydrometeorology), require an end-to-end integrated study from the dominant spatial scales of precipitation to the orogen scale.
